INTRODUCTION
Thymidine kinase 2 (TK2) is a constitutively expressed mitochondrial enzyme that phosphorylates deoxythymidine (dT), deoxycytidine (dC) and deoxyuridine (dU) to their corresponding monophosphates (1) (2) (3) . This is the first and ratelimiting step for the salvage pathway synthesis of deoxypyrimidine nucleoside triphosphates required for mitochondrial DNA (mtDNA) replication and maintenance in post-mitotic cells. In contrast, TK2 activity has minor functional significance in proliferating cells due to the overwhelming activity of cell-cycle-regulated cytosolic enzymes involved in the deoxynucleoside triphosphate (dNTP) synthesis, including thymidylate synthase (TS) and ribonuclotide reductase (R1-R2) in de novo synthesis, or thymidine kinase 1 (TK1) and deoxycytidine kinase (dCK) in the salvage pathways (4 -6) .
Strict homeostatic maintenance of the mitochondrial deoxythymidine monophosphate (dTMP) and deoxycytidine monophosphate (dCMP) levels is achieved by counteracting TK2 activity with the catabolic actions of cytosolic thymidine phosphorylase (TP) that decreases the levels of TK2 substrates and of mitochondrial deoxynucleotidase 2 that dephosphorylates dTMP to dT (7, 8) .
TK2 activity became clinically relevant when autosomal recessive TK2 gene mutations were identified as a frequent cause of severe mtDNA depletion syndrome (MDS) in humans (9) . Although there is variability in age at onset and survival, MDS due to TK2 mutations (TK2 MDS) typically begins in the first 2 years of life and is fatal in childhood. Cases reported in the past few years have expanded the phenotype of Tk2 MDS from pure myopathy to myopathy plus rigid * To whom correspondence should be addressed. Tel: +1 2123051048; Fax: +1 2123053986; Email: mh29@columbia.edu # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com spine or central nervous system involvement, including hearing loss, spinal-muscular atrophy-like cases and severe encephalomyopathy (10) (11) (12) (13) (14) . It is not known why some organs are spared from the pathogenic effects of the ubiquitously mutated TK2 enzyme. Transcriptional compensatory mechanisms have been proposed in a TK2-deficient patient with high levels of MT-CO2 mRNA and MT-RNR1 rRNA in severely mtDNA-depleted muscle fibers (15) . Alternative compensatory mechanisms to preserve normal levels of mtDNA in selected myofibers were hypothesized in one patient with severe TK2 myopathy with abnormally slow progression and long survival (16, 17) , and in TK2 deficient fibroblasts without mtDNA depletion (18) .
We have described a homozygous H126N Tk2 mutant knockin mouse (Tk2 2/2 ) model of human TK2 MDS (19) . Tk2 2/2 mice are normal at birth and show normal early growth. Around postnatal day 10, the mutant animals stop gaining weight, after which the disease progresses rapidly with reduced spontaneous and locomotor activity, tremor, ataxic gait, muscle weakness and severe encephalomyopathy, so that 75% of the Tk2 2/2 mice die by postnatal day 14. Tk2 2/2 mice show mtDNA depletion in multiple tissues, including the brain, heart and muscle. However, only the brain showed significant deficiency of respiratory chain complexes (OXPHOS), protein levels and activities (the activity of complex I was 40% and that of complex IV 50% in brain of Tk2 2/2 versus Tk2 +/+ mice). We postulated that the heart and muscle were spared by compensatory mechanisms.
In this work, we have used the homozygous H126N Tk2 mutant knockin mouse (Tk2 2/2 ), to characterize the activities of the Tk1 and Tk2 enzymes in relation to disease onset, phenotypic severity and organ involvement. For this purpose, we have compared the biochemical and molecular genetic features of two organs with high energy-demands, the brain, which is affected, and the heart, which is spared in our Tk2 2/2 mouse model. We have focused our study in two time points, postnatal days 8 and 13, to span the transition from pre-symptomatic to symptomatic states. Our results demonstrate biochemical factors that contribute to the brain pathology and in vivo transcriptional compensatory mechanisms in Tk2 2/2 heart.
RESULTS
Using the Tk2-specific radiolabeled substrate 3 H-bromovinyl deoxyuridine ( 3 H-BVDU) (20,21), we measured Tk2 activity in the heart and the brain from healthy (TK2 +/+ and Tk2 +/2 ) mice and from Tk2 2/2 mice at the onset of disease manifestations. The results (Fig. 1A) showed no significant increase in Tk2 activity between postnatal days 8 and 13. As expected, Tk2 activities were higher in organs from Tk2
+/2 mice; and 2-to 3-fold higher in the brain than in the heart, in agreement with published data (19, 22) . Remarkably, Tk2 2/2 brain showed no detectable Tk2 activity and Tk2 2/2 heart showed less than 10% of the wild-type metabolism rate (probably due to crossover activity of abundant Tk1 in this organ). These findings indicated that our Tk2 2/2 knockin mouse is comparable with a Tk2 knockout mouse (23) . Our structural model of mouse Tk2 (Fig. 1B) localizes histidine 126 at the C-terminal end of the a helix (a4) that faces the "phosphate transferring" ERS (E138-R139-S140) domain. Therefore, the substitution of a charged histidine by a neutral asparagine (H126N) could alter the positioning of the critical residue R139 and hinder the transfer of g-phosphate from the ATP-binding pocket to the nucleoside-binding pocket, thus impairing Tk2 function.
As Tk2 activity did not increase between days 8 and 13, we investigated whether the onset of disease in Tk2 2/2 mice was due to a down-regulation of Tk1 activity during this time period. We performed 3 H-thymidine assays to measure total Tk (Tk1 + Tk2) and Tk1 activity (determined using excess cold dCyt as a specific competitor of Tk2). The results showed significant reductions of Tk1 activity in the brain at postnatal day 13 compared with postnatal day 8 in all three mouse lines: Tk2 +/+ (58 + 7%), Tk2 +/2 (41 + 14%) and Tk2 2/2 (23 + 29%) ( Fig. 2A) . Similarly, in the heart, Tk2 2/2 mice showed a significant reduction in Tk1 activity between postnatal days 8 and 13 (29 + 22%), whereas Tk2 +/+ and Tk2 +/2 mice showed trends toward lower Tk1 activity over this time period (Fig. 2B) . We confirmed that Tk2 was the main Tk in the brain as the total 3 H-thymidine phosphorylation was inhibited by more than 75% with cold dCyt (Table in Fig. 2A ). Conversely, in the heart, Tk1 was the main Tk component, as total Tk activity was reduced by less than 50% with cold dCyt (Table in Fig. 2B ). On the other hand, there was evidence of cross-regulation between Tk1 and Tk2 enzymes in the brain and the heart, because (Fig. 2) . To determine whether down-regulation of Tk1 activity between days 8 and 13 correlated with the onset of imbalanced dNTPs' pool in Tk2 2/2 mice heart and brain, we measured total dNTPs by an optimized method that excluded interference from ribonucleotides (24) . Already at postnatal day 8, the dTTP levels were markedly decreased in the brain of Tk2 2/2 and decreased even further at Day 13 (dTTP/dNTP levels in Tk2 2/2 relative to Tk2 +/+ brains 57 + 17% at Day 8 and 11 + 8% at Day 13) (Fig. 3) . The heart of Tk2 2/2 mice did not show dNTPs imbalance at Day 8 but revealed clearly reduced dTTP/dNTP levels at Day 13 (46 + 4% relative to dTTP/dNTP in Tk2 +/+ ). Therefore, the downregulation of Tk1 activity levels unmasks Tk2 deficiency in Tk2 2/2 organs and triggers reductions in dTTP levels. The temporal relationship between Tk1 down-regulation and development of dTTP pool imbalance prompted us to assess if there were also parallel decreases in mtDNA levels in the Tk2 2/2 mice. Quantitative PCR (Fig. 4A) 
versus Tk2
+/+ heart).
Next, we analyzed whether the reduction in the amount of mtDNA affected levels of mtDNA-encoded proteins (mtDNA proteins). We performed western blot with a cocktail of antibodies against subunits of the respiratory chain enzyme complexes. The quantification of bands intensity relative to the nuclear-encoded complex II as a control is shown in Fig. 4B . Compared with Tk2 +/+ brain at postnatal day 8, agematched Tk2 2/2 brain showed significant reductions of the mtDNA-encoded proteins cytochrome c oxidase I (COXI, complex IV subunit 1) (71 + 7.5%) and subunit 6 of NADH dehydrogenase (ND6, complex I subunit 6) (53 + 8%). Consistently, Tk2
brain showed reduction of both mtDNA-encoded subunits of the respiratory chain at postnatal day 13; COXI was 67 + 2% and ND6 was 73 + 6% relative to Tk2 +/+ litter-mates (we had previously reported OXPHOS subunit levels in brain at Day 13) (19) . Nevertheless, at this time point, the ratio of the mtDNA protein/mtDNA level in the brain was 1.5, indicating that the reduction in mtDNA-encoded protein expression did not correlate exactly with the reduction in the mtDNA amount. In contrast with the brain, in Tk2 2/2 heart, the levels of respiratory chain proteins were normal at postnatal day 8 (consistent with the normal amount of mtDNA in this organ at this age) but strikingly, they were also normal at postnatal day 13, despite the marked mtDNA depletion. In fact, Tk2 2/2 heart, like brain, showed 1.5-fold more protein relative to mtDNA at age 13 days. These results indicate that, in Tk2 2/2 mice, both the brain and the heart manifest compensatory mechanisms for mtDNA depletion. 2/2 brain coincided temporally with the depletion of mtDNA and accounted for the deficiency in COXI and ND6 protein levels. However, amounts of mtDNA-encoded transcripts were disproportionately less severely reduced than the levels of mtDNA in Tk2 2/2 brain, indicating up-regulation of mtDNA-encoded mRNA. This increase in mtDNA transcripts was most evident at postnatal Day 13 for ND6, which showed 1.7-fold more mRNA in Tk2 2/2 mice compared with Tk2
litter-mates when normalized to mtDNA (Fig. 5C ). At age 8 days, Tk2 2/2 heart showed normal levels of mtDNA and transcripts for COXI and ND6; however, at postnatal day 13, Tk2 2/2 heart had increased levels of transcripts for COXI (170 + 29%) and ND6 (160 + 50%) relative to Tk2 +/+ littermates. Furthermore, when normalized to mtDNA levels ( Fig. 5C ), COXI and ND6 transcripts were 3-fold higher in Tk2 2/2 hearts than in Tk2 +/+ hearts at age 13 days. Thus, mtDNA transcriptional up-regulation in the heart of 13-day-old Tk2 2/2 mice compensates for mtDNA depletion and prevents deficits of the COXI and ND6 proteins.
To determine which factor(s) may be responsible for the increased mitochondrial mRNA levels, we studied the expression of master-regulators of mitochondrial gene expression, including the following: peroxisome proliferatoractivated receptor-gamma coactivator 1 alpha (PGC-1a), nuclear respiratory factor 1 (NRF-1) and nuclear respiratory factor 2 (NRF-2) (25). Quantitative RT -PCR (Fig. 5C ) indicated that, at age 13 days, Tk2 2/2 and Tk2 +/+ mice did not manifest significant differences in the expression of these genes in the brain and the heart. We then analyzed downstream factors known to be directly involved in mitochondrial transcription, including mitochondrial transcriptional activator A (TFAM), mitochondrial transcription factor B1 (TFB1M) and mitochondrial transcription factor B2 (TFB2M), as well as the mitochondrial transcriptional terminator factors 1, 2 and 3 (MTERF 1, 2 and 3) (26 -29). Quantitative RT -PCR (Fig. 6 ) demonstrated that mRNA levels of the transcriptional repressor MTERF3 were significantly reduced in the brain (43 + 22%, Fig. 6A ) and the heart (63 + 21%, Fig. 6B ) of Tk2 2/2 mice at Day 13 when compared with MTERF3 transcript expression in Tk2 +/+ litter-mates. This result explained how Tk2 2/2 heart and brain were able to produce increased amounts of mtDNA-encoded transcripts relative to the amount of mtDNA at postnatal day 13.
DISCUSSION
In our previous study of Tk2 H126N knockin mice, we identified mtDNA depletion in most tissues with the brain and heart (100%) + SD of n ¼ 6 per group per day (n ¼ 15 for mtDNA in 13-day heart).
* P , 0.05, * * P , 0.01 and * * * P , 0.001 Tk2 2/2 versus Tk2 +/+ . (19) . Curiously, brain was the only organ that also showed defects of respiratory chain complex proteins and activities. To better understand which factors are responsible for disease onset, survival and for the encephalopathic phenotype of Tk2 2/2 mice, we have compared biochemical and molecular features of one affected tissue, the brain, and one biochemically unaffected organ, the heart, before and after the appearance of physical signs of disease.
During the first 2 weeks of life, mice undergo critical growth and maturation, which involves the arrest of cell proliferation and differentiation in all organs. During this transition from cell division to quiescence, Tk1 activity declines sharply from high activity in the S-phase to inactivity, via proteolytic degradation, immediately after mitosis (4,6). In contrast, Tk2 expression is not cell-cycle dependent, but its activity becomes functionally relevant after the cell-cycle arrests and the cytosolic machinery that provides dNTPs is down-regulated (with the exception of the de novo synthesis subunit, ribonucleotide reductase R1-p53R2, which is cytosolic and remains active in post-mitotic cells) (30) . Thus, the period of pyrimidine salvage transition from the predominantly cytosolic Tk1 to the mitochondrial Tk2 determines when cells in different organs become susceptible to Tk2 deficiency. Using 3 H-Thy incorporation into DNA to quantify cell division, developmental studies from the 1970s had demonstrated the timing of arrest of cell proliferation in rodents' brain and heart. The brain revealed intense cell proliferation until postnatal day 6, followed by a rapid decline to almost undetectable levels at postnatal day 10 (31,32). Paralleling changes in Thy uptake, Tk activity was maximal in the brain at postnatal day 6, before declining to undetectable values during the second week of life (33) . In contrast to the brain, murine cardiomyocytes proliferate mainly in the fetal period, although cell proliferation is maintained in newborn hearts until postnatal day 10, coinciding with the plateau of cardiomyocyte binucleation (34) .
Our data extend the reported 3 H-Thy incorporation findings by documenting that Tk2 has a stable activity in the brain and heart through the second week of murine life (Fig. 1) . Tk2 activity reaches critical importance at this time due to the progressive down-regulation of Tk1 activity (Fig. 2) . According to rodent brain developmental studies, overall Tk activity starts to decline at postnatal day 6. This explains why Tk2 2/2 brains from 8-day-old mice already show imbalanced dNTPs' pool and mtDNA depletion (Figs 3 and 4) . In fact, some parts of the brain could be post-mitotic at birth, accounting for the moderate mtDNA depletion shown in Tk2 2/2 newborn mice [our unpublished data and (23)]. In contrast, arrest of cell proliferation occurs later in the heart (between postnatal days 10 and 13), explaining the absence of defects in the hearts of 8-day-old Tk2 2/2 mice (Figs 3 and 4) , and the appearance of mild cardiac mtDNA depletion at postnatal day 13. Therefore, the onset of disease in Tk2 2/2 mice coincides with the time of cell proliferation arrest and Tk1 activity down-regulation in vital organs. By postnatal day 13, the lowered Tk1 activity is no longer able to mask the Tk2 deficiency in the brain and the heart of Tk2 2/2 mice. In support of this notion, peripheral blood cells, which include a high proportion of proliferating cells, do not develop mtDNA depletion in Tk2 knockout mice (35) .
Human patients with TK2 deficiency manifest myopathy or encephalomyopathy of varying severity (10, (12) (13) (14) . It has been proposed that the basal low activity of TK2 in muscle accounts for the vulnerability of this tissue (36) . We further hypothesize that the residual activity of the mutant Tk2 protein also determines the phenotype. With the exception of low TK2 activity in muscle (9) , little is known about the activity of TK2 mutant proteins in affected tissues from patients, because most of the measurements has been performed in patients' fibroblasts, or in recombinant proteins harboring mutations identified in patients (13, 37, 38) . However, based on those limited data, the phenotype in patients appears to correlate with the severity of TK2 deficiency; partial reductions of TK2 activity (14-45% of normal) produce myopathy, whereas severe reductions (less than 10% of normal) cause encephalomyopathy. In mice, basal Tk2 activity is low in muscle and high in brain (19, 22) . In humans, TK2 activity is also low in muscle and presumably higher in brain. Thus, brain can tolerate mild TK2 deficiency (40% residual activity) but muscle cannot. In contrast, severe TK2 deficiency (90% loss of TK2 activity) affects brain and muscle.
Accordingly, mice with partial Tk2 activity would be expected to manifest myopathy while severe or complete Tk2 deficiency would be predicted to develop encephalomyopathy. In fact, our Tk2 knockin mouse, like the Tk2 knockout mouse, is an excellent model of the human TK2 deficient infantile fatal encephalomyopathy (19, 39) . The murine homozygous H126N Tk2 mutation has negligible Tk2 activity in Tk2 2/2 brain (,10%, Fig. 1 ) and produces clear central nervous system pathology, and death within the first 3 weeks of life (19) , similar to Tk2 knockout mice (39) . The lack of activity of the H126N Tk2 mutant enzyme could be due to impaired protein dimerization, defective nucleoside binding or both, as proposed for the homologous human H121N mutation (10, 13 ). An alternative explanation offered by our structure model for mouse Tk2 (Fig. 1B) is that the H126N substitution could alter the positioning of the critical residue R139 and hinder the transfer of g-phosphate from the ATP-binding pocket to the nucleoside-binding pocket (Fig. 1B) . Still, we cannot exclude that the H126N mutation may also cause instability and premature degradation of Tk2 protein, because the anti-murine Tk2 antibodies that we have tested have failed to recognize wild-type Tk2 in tissue extracts.
Clearly both human disease and the mouse model indicate that TK2 deficiency causes dNTP pool imbalances in mitochondria leading to mtDNA depletion. Although cytosolic and mitochondrial dNTP pools are physically separated by mitochondrial membranes, exchange of deoxynucleotides between the two cellular compartments is rapid and constant (40, 41) . Therefore, measurements of total cellular dNTP pools reflect mitochondrial dNTP levels (7, (40) (41) (42) . Taking these observations into account, we circumvented the technical challenge of measuring dNTPs in isolated mitochondria from 13-day-old mice heart (≤30 mg tissue weight) by determining dNTP pools in total cellular extracts. The correctness of this assumption was fully supported by our observation that dTTP levels in total cellular extracts were reduced in Tk2-deficient tissues (Fig. 3) . Although Tk2 phosphorylates deoxycytidine in addition to thymidine, in contrast to the expected decrease of dTTP, we found normal levels of dCTP in the brain and heart of Tk2 2/2 mice. Why dTTP and dCTP levels should diverge in Tk2 2/2 mice is not clear. Cytosolic dCK, which is active throughout the cell cycle, could theoretically compensate for the loss of Tk2 phosphorylation of deoxycytidine, but dCK activity is undetectable in murine brain and heart (43) . More probably, de novo cytosolic synthesis via ribonucleotide reductase R1-p53R2 produces sufficient dCMP to maintain dCTP levels in the brain and heart of Tk2 2/2 mice, but cannot generate enough dTMP to compensate for Tk2 deficiency. +/+ (100%) + SD of n ¼ 6 for each factor in each group of mice (for MTERF3 in heart n ¼ 19 per mice group). * * P , 0.01 and * * * P , 0.001 Tk2 2/2 versus Tk2 +/+ .
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While deficiencies of dTTP trigger widespread mtDNA depletion in Tk2
2/2 mice, analyses of activities and levels of mitochondrial respiratory chain complexes showed significant defects only in the brain (19) . In the heart of 12-13-day-old mutant mice, the discrepancy between the substantial mtDNA depletion (20 -58% of normal) and the lack of OXPHOS deficiency (Fig. 4B ) was especially striking (19) and suggested the existence of transcriptional or translational compensatory mechanisms for mtDNA depletion. In fact, evidence of transcriptional compensation was noted in two TK2-deficient patients, who had increased mt-transcripts contrasting with the severe mtDNA depletion in muscle (15) (16) (17) and in cultured skin TK2 deficient fibroblasts (18) . In addition, transcriptional compensation has been observed in TFAM and Mpv17 knockout mouse models of MDS (44, 45) . In our Tk2 H126N knockin mouse, the heart is spared at Day 13 by virtue of the increased amount of transcripts of mtDNAencoded proteins (ND6 of complex I and COXI of complex IV) relative to its residual mtDNA (Fig. 5) . We observed the same trend in the brain; however, mtDNA was so severely reduced in this tissue (12 -30% of normal) (Fig. 4B) (19) that the increase in transcripts (1.6 -1.7-fold elevation) was insufficiently compensatory. Based on our data, we can define the mtDNA depletion threshold as the reduction in mtDNA that overwhelms transcriptional compensation.
We hypothesize that mitochondria depleted of mtDNA signal the nucleus to up-regulate the expression of genes involved in mitochondrial transcription. Mitochondrial retrograde signaling has been described in yeast and mammalian cells under normal and pathological conditions (46, 47) , including mtDNA depletion, which has been associated with increased mRNA levels of respiratory chain subunits (48) , enhanced expression of TFAM and NRF-1 (transcription factors of mitochondrial genes) (49), increased intracellular Ca 2+ levels and activated cAMP response-element-binding protein (50) . We postulated that PGC-1a could be the molecule responsible for enhancing mitochondrial gene expression in Tk2 2/2 mice, because PGC-1a induces mitochondrial biogenesis by increasing the expression and the transactivational capacity of NRF-1 and NRF-2 (transcriptional activators of nuclear mitochondrial genes), which, in turn, up-regulate the expression of their downstream targets TFAM, TFB1M and TFB2M (29,51-54) directly involved in up-regulating mitochondrial transcription. However, we did not find any difference in the transcript levels of PGC-1a, NRF-1 or NRF-2 in the heart and brain between 13-day-old Tk2 2/2 and Tk2 +/+ mice (Fig. 5) . Furthermore, we did not observe signs of PGC-1a-induced generalized mitochondrial proliferation by histology (e.g. increased SDH histochemical staining) or biochemical assays (e.g. increased citrate synthase activity) in 13-day-old Tk2 2/2 brain or heart (data not shown). Accordingly, neither did we observe increased mRNA levels of TFAM, TFB1M and TFB2M, downstream targets of PGC-1a, in 13-day-old Tk2 2/2 mice versus their Tk2
+/+ litter-mates (Fig. 6 ). Mitochondrial transcription is regulated, not only by transcriptional initiators, but also by mitochondrial termination factors (MTERFs). MTERF1 terminates transcription by binding to a specific site downstream the 16S rRNA gene, whereas MTERF 2 and MTERF3 are thought to regulate transcription by binding to the mtDNA heavy-strand promoter (55, 56) . While MTERF2 knockout mouse showed decreased mitochondrial mRNAs levels (57), these transcripts were increased in the MTERF3 knockout mouse (58) . MTERF1, but not MTERF3, is regulated by the PGC-1 NRF1/2 axis (59) while MTERF2 appears to be insignificant in heart (57) . Taken together, these reports indicate that a fine-tuned interaction among these three MTERF factors regulates mitochondrial transcription in a cell state-dependent and tissuespecific manner. The down-regulation of MTERF3 expression that we observed in the brain and the heart of 13-day-old Tk2 2/2 mice (Fig. 6 ) enhances the initiation of mitochondrial transcription, which may account for the increased levels of mitochondrial transcripts in the Tk2 2/2 mice ( Fig. 5A and  B) ; analogous to the increased transcripts from both mtDNA strands observed in MTERF3 knockout mice (58) . Thus, in Tk2 2/2 mice, down-regulation of the transcriptional repressor MTERF3 appears to be a compensatory mechanism for the partial mtDNA depletion in the heart, but is probably insufficient to compensate for the more severe mtDNA depletion in the brain.
In summary, our homozygous Tk2 knockin mice show ubiquitous Tk2 deficiency, which becomes functionally significant in tissues after Tk1 activity decreases. The onset of mtDNA depletion in each tissue correlates with the downregulation of Tk1 activity. The severity and tissue specificity of human MDS due to TK2 deficiency appear to correlate with the residual TK2 activity of Tk2 mutant proteins. In addition, Tk2-deficient tissues that trigger MTERF3-mediated transcriptional compensatory mechanisms prior to the onset of severe mtDNA depletion can be spared from OXPHOS deficiency. In mitochondrial diseases, understanding how some tissues are spared from the effects of mutations in ubiquitously expressed proteins is important for targeting therapies to affected tissues. The development of compounds that modulate mitochondrial transcription, such as MTERF3 inhibitors, may have therapeutic potential in TK2 deficiency.
MATERIALS AND METHODS

Mice
Mutant Tk2 H126N knockin mice were reported (19 (20) . Two quantities of total protein extracts were used for each determination: 17.5 and 35 mg for the brain, and 30 and 60 mg for the heart. Briefly, 40 ml volume reactions were established by dissolving proteins in 20 ml of dilution buffer (1 mg/ml BSA, 10 mM Tris -HCl, 2 mM DTT and 5 mM ATP) followed by mixing with 20 ml of 2× reaction mix (100 mM Tris-HCl, pH 7.5, 10 mM ATP, 10 mM MgCl 2 , 1 mg/ml BSA, 10 mM NaF, 4 mM DTT, 100 mM 5-bromouracil (TP inhibitor) and 2500 cpms/pmol 0.4 mM 3 H-BVDU). Parallel samples without protein were used as blank. After 60 min at 378C, 30 ml of reaction was spotted on Whatman DE81 filters and air dried. Subsequently, filters were washed three times for 5 min in 5 mM ammonium formate and placed in vials to elute with 2 ml of 0.1 M HCl, 0.2 M NaCl for 30 min at room temperature. Radioactivity in the elution buffer was counted after adding 9 ml of Ultima Gold scintillation fluid (Perkin Elmer, Waltham, MA, USA) in a Packard Tri-Carb 2900TR counter (Perkin Elmer). Enzyme activity was calculated as pmol product/min/mg protein.
Modeling of mouse thymidine kinase 2 structure
The modeling was performed using SwissModel software (spdv 4.0.1) with the crystal structure of Drosophila melanogaster deoxynucleoside kinase (dmNK) as template (PBD_2vp4). To visualize the structure and predict the effect of the H16N mutation on the conformation, SpdbViewer 4.0.1 software was used. Protein alignments were performed using ClustalW (8).
Tk1 activity measurement
We used [methyl-3 H] thymidine (Perkin-Elmer) as the radiolabeled substrate. We followed the same protocol as for Tk2 activity measurement, except the 2× reaction mix did not include 5
′ -bromouracil and the substrate was 2500 cpms/ pmol 20 mM 3 H-thymidine in the presence or absence of 10 mM deoxycytidine. Tk1 activity (pmol/min/mg) was estimated as the remaining Tk activity in the presence of a molar excess of cold deoxycytidine as inhibitor of Tk2 (60) . dNTPs pool determination dNTP extracts were obtained as described (40) . Briefly, tissues were homogenized on ice in 10 volumes (w/v) of cold MTSE buffer (210 mM mannitol, 70 mM sucrose, 10 mM Tris-HCl pH 7.5, 2 mM EGTA, 0.2 mg/ml BSA) and centrifuged twice at 1000g for 3 min at 48C. Supernatants were precipitated with 100% methanol, kept 1 h at 2208C, boiled 3 min, stored at 2208C (from 1 h to overnight) and centrifuged at 20 800g for 20 min at 48C. Supernatants were evaporated until dry, resuspended in 200 ml of water and stored at 2808C until needed.
To minimize ribonucleotide interference, total dNTP pools were determined following a reported protocol (24) . Briefly, 20 ml volume reactions were generated by mixing 10 ml of sample or standard with 10 ml of 2× reaction buffer [0.04 U/ml ThermoSequenase DNA polymerase (GE Healthcare, Piscataway, NJ, USA) or Taq DNA polymerase (Roche), 0.5 mM 3 H-dTTP or 3 H-dATP (Moravek Biochemicals), 0.5 mM specific oligonucleotide, 40 mM Tris -HCl, pH 7.5, 20 mM MgCl 2 , 10 mM DTT]. After 60 min at 488C, 15 ml of reaction was spotted on Whatman DE81 filters, air dried and washed three times for 10 min with 5% Na 2 HPO 4 , once in distilled water and once in absolute ethanol. The retained radioactivity was determined by scintillation counting.
mtDNA quantification
Real-time PCR was performed with the primers and probes (Applied Biosystems, Invitrogen, Foster City, CA, USA) for murine COX I gene (mtDNA) and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH, nDNA) as described (61) using standard curve quantification, in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems). mtDNA values were normalized by nDNA values and expressed as percent relative to wild-type (100%).
Western blot analyses
Thirty micrograms of whole tissue extracts, prepared as described in the Tk2 enzyme assay, were electrophoresed in an SDS-12%-PAGE gel, transferred to Immun-Blot TM PVDF membranes (Biorad, Hercules, CA, USA) and probed with Rodent Total OXPHOS Complexes Detection Kit cocktail of antibodies (MitoSciences, Eugene, OR, USA). Protein -antibody interaction was detected with peroxidase-conjugated mouse anti-mouse IgG antibody (Sigma-Aldrich, St Louis, MO, USA), using SuperSignal w chemiluminiscence detection kit (Thermo Fisher, Waltham, MA, USA). Quantification of proteins was carried out using NIH ImageJ 1.37V software. Average gray value was calculated within selected areas as the sum of the gray values of all the pixels in the selection divided by the number of pixels.
Quantification of mRNA levels
Tissue samples ≤30 were used to extract RNA with RNeasy kit (Qiagen, Valencia, CA, USA), treated with RNase-Free DNase (Qiagen), electrophoresed in agarose 1% to check integrity and quantified by optical density at 260 nm.
cDNA was obtained with SuperScript TM III First-Strand Synthesis for RT-PCR (Invitrogen). Quantification was performed with real-time PCR, by standard curve method, with specific murine primers and Taqman w probes (from Applied Biosystems, Invitrogen) for the targeted genes and the mouse glyceraldehyde-3-phosphate dehydrogenase probe as a standard loading control (AB 4352339E, Invitrogen). AppliedBiosystems Taqman w gene expression assays for specific genes were the following: Mm_01208835_m1 for PGC-1a, Mm_01135609_m1 for NRF-1, Mm_00477784_m1 for NRF-2, Mm_00447485_m1 for TFAM, Mm_00524825-m1 for TFB1M and Mm_00481557_m1 for MTERF3.
Sequence (5
′ -3 ′ ) of primer forward (F), reverse (R) and 6FAM probe of Applied-Biosystems Taqman assays on demand for ND6, COXI, TFB2M and MTERF1 were: ND6-F, AGCTACT GAGGAATATCCAGAGACTTG; ND6-R, TCAACCAA TCTCCCAAACCATCAA; ND6 probe, ATGAAGTTGGA GTAATTAATC; COXI-F, TGCTAGCCGCAGGCATTACT; COXI-R, CGGGATCAAAGAAAGTTGTGTTT; COXI probe, TACTACTAACAGACCGCAACC; TFB2M-F, AAACGCAA TGCCCCAATAATACG; TFB2M-R, GGGTTTTTTCTTA TCTGCCTCAGGAT; TFB2M probe, ACCGTACTCAGT GAACGTA; MTERF1-F, GGCGGAAGTGAAAGGTGTCTA; MTERF1-R, CCATAATCATCAGGTAGCCCAAAGT; MTE RF-1 probe, CCGGGAGCGTTGCATT.
Thermal cycling was performed in ABI PRISM 7000 Sequence Detector System (Applied Biosystems, Invitrogen)
